There are between 20 and 30 drugs available for the treatment of seizures but despite this ~30% of the epilepsy population remains unresponsive to treatment. The underlying mechanisms behind drug resistance in temporal lobe epilepsy (TLE) have not been completely identified. The purpose of this study was to determine if distinct types of neuronal firing patterns occurring in human epileptic cortex are altered by carbamazepine (CBZ). We used whole-cell patchclamp techniques combined with intracellular labeling to electrophysiologically and morphologically characterize neuronal populations in resected cortical tissue from patients with drug resistant epilepsy. We then determined if cells were uniformly resistant to carbamazepine or whether only a subset did not respond. Cortical spiking patterns were segregated in six main clusters: adapting high frequency cluster 1 and 2 (AHF1 and AHF2), adapting low frequency cluster 1 and 2 (ALF1 and ALF2), strongly adapting low frequency group (sALF) and one spike cluster (OS). A morphological analysis showed that some spiking patterns tend to be associated with specific neuronal morphology. OS group included only pyramidal cells while adapting high frequency groups (AHF1 &AHF2) displayed typical interneuron phenotype. Finally, we found that CBZ does not uniformly suppress neuronal activity as only ~27% of interneurons and ~40% of pyramidal cells were carbamazepine insensitive. These data indicate that in humans with DRE there is a heterogeneous CBZ insensitivity in all subpopulations of neurons.
Introduction
A significant number of TLE patients are resistant to anti-epileptic drug (AED) therapy [1] [2] [3] [4] . Although different hypotheses like Multi Drug Transporter (increased expression/function of multidrug transporters) or Target sensitivity (changes in molecular drug targets for AEDs) have been suggested to account for drug resistant epilepsy (DRE) (see review [5] ), to date neither of these theories have been conclusively proved or refuted.
Carbamazepine (CBZ) is an example of a highly used antiepileptic drug (AED) that can become non-effective in many patients with chronic epilepsy [6, 7] . The primary mechanism of CBZ is thought to be related to its action on voltage-gated Na + channels which are integral to the generation of seizure discharges [8] . Carbamazepine is known to inhibit voltage-dependent Na + currents by two mechanisms; one is activity-or use-dependent [5, 8] while the other is voltage-dependent [9, 10] . Use-dependent block preferentially reduces Na + channel availability during high-frequency firing. This mechanism is thought to be a key factor that predicts and accounts for the efficacy of this AED. This inability to follow a high frequency excitatory input is primarily due to the pronounced slowing of Na + channel recovery from inactivation [8] . This mechanism of action is not unique to carbama-zepine as other AEDs such as phenytoin, lamotrigine and oxcarbazepine all reduce the excitability of Na + channels during high-frequency excitatory drive [8] and this activity is thought to explain their clinical efficacy. However less is known about how CBZ becomes non-effective in many patients with chronic epilepsy and whether there is a uniform loss of sensitivity for carbamazepine or only specific neuronal populations are affected. Thus, one of the goals of our study was to determine if distinct types of neuronal firing patterns occurring in human epileptic cortex are altered by carbamazepine (CBZ).
In spite of some efforts made to characterize the functional properties of neurons in human epileptic cortex [11] [12] [13] [14] [15] [16] there is still a need for a more detailed functional classification and analysis of electrophysiologyical properties of neurons. Thus, the purpose of this study is twofold: first we wished to examine the functional diversity of human cortical firing and second to determine whether carbamazepine insensitivity is uniform (affecting all cell types), restricted to one cell type or affecting only a sub set of many types. Understanding what particular subpopulation(s) of neurons are resistant to drugs like CBZ is important as it may represent novel pharmacological targets for new AEDs.
Experimental Procedures

Patients
All procedures on human tissue were approved by the ethics committee of the University of Western Ontario. Appropriate patients with intractable epilepsy who underwent surgery for resection of their epileptic focus were identified before surgery and informed consent was obtained to allow this tissue to be used for these studies. The identity of patient was not used. Patient age, gender and area from which the tissue was collected are summarized in Table 1 .
Tissue collection, preservation, slicing procedures and maintenance
No tissue was removed for this research that would not normally be excised during routine surgery. Gathering and processing of the human samples are as follows and are based on established procedures [17] . On the day of surgery a Choline solution was prepared [containing (in mM): Choline Cl 110, KCl 2.5, NaH 2 PO 4 1.2, NaHCO 3 25, CaCl 2 0.5, MgCl 2 7, Na pyruvate 2.4, ascorbate 1.3, dextrose 20] as previously described [18, 19] . A 1 cm 3 region was removed from an electrographically active area of cortex (identified by the presence of interictal spikes or seizures) as demonstrated by intraoperative ECoG recording or prior recording using subdural electrodes. Immediately after resection, the excised cortex was dropped into an ice-cold Choline solution (see above) and taken to electrophysiology lab where the tissue was immediately processed for patch clamp recordings. Coronal brain slices (350 µm) from single gyrus were performed according to published methodology [18, 19] . All solutions were maintained at pH 7.4 and bubbled with 5%CO2/ 95%O2 (carbogen).
Electrophysiology
Patch electrodes were pulled from borosilicate glass capillaries and filled with K + -gluconate solution having a composition (in mM) of: potassium gluconate 147, KCl 1, CaCl 2 2, HEPES 10, EGTA 10, Glucose 10, MgATP 2, GTP 0.3 (300 mOsm, pH 7.3-7.4) as described in [20] . Whole-cell patch clamp recordings from cortical neurons were made with an EPC 9/2 amplifier (HEKA, Lambrecht, Germany). Series resistance compensations were performed in all recordings. The initial access was < 20 MΩ and compensated by 50-70%. All experiments were performed at 32°C. The excitability of the cells were monitored by means of current clamp protocols (PulseFit v8.0; Heka, Germany). Cell responses were obtained in less than 5 minutes after forming whole-cell configuration by injecting hyperpolarizing and depolarizing current steps (500 ms pulse; 50 pA increments). Input resistance (R I ) was calculated by linear regression of the current-voltage relationship in response to hyperpolarizing steps (as described in [21] ) using Origin software (Microcal, Northampton, MA). Firing pattern analysis was performed at the current level that produced reliable repetitive firing (twice the firing threshold), in presence of NMDA, AMPA and kainite channel blockers (20 mM 2-amino phosphonovaleric acid, APV & 10 mM dinitroquinoxaline-2,3-dione, DNQX; Research Biochemicals, Natick, MA, USA) as described in [20] . Interspike interval ratio (II R ) was obtained by dividing the last interspike interval (measured in milliseconds) by the duration of the first interval (as previously described in [20] ). Carbamazepine effect was tested after 10 min of drug perfusion. Final carbamazepine concentration was 50 μM which corresponds to upper therapeutically relevant serum levels [22] [23] [24] .
Cluster Analysis
Unsupervised cluster analysis was performed on cortical neuronal populations using Ward's method with z-score normalization and intervals calculated by Euclidian squared distances (SPSS 13, Chicago, Illinois, USA) according to described methodology [25] . The analysis was based on their main electrophysiological parameters: input resistance, firing frequency and interspike interval ratio, providing six distinct firing groups. Comparisons among different firing pattern groups were made by using ANOVA and a Tukey multiple comparison post-hoc test as appropriate. All data are presented as means ± standard error of the mean. The naming of the five phenotypes identified by the cluster analysis was done according to the terminology described by [26] and [27] . Specifically, neurons with II R <1.25 were grouped as non-adapting cells while neurons with IIR >1.25 were classified as adapting cells. Those with an average firing frequency (FF) > 50 Hz were termed as high frequency while those FF < 50 Hz were termed as low frequency.
Histochemistry
In order to reconstruct the morphology and understand where the recordings were made, patch electrodes included 0.2% Biocytin. After the completion of a recording, the slice was removed from the microscope chamber and fixed in paraformaldehyde solution (4% paraformaldehyde in 0.1 phosphate buffer) for 5-7 days. The sections were washed for 15 min in PBS followed by a 30 min rinse in PBS-TX and 90 min incubation in streptavidin-conjugated Alexa Fluor-594 (5μg/ml; Molecular Probes) at room temperature. After rinsing in PB-TX for 30 min, the slices were mounted on slides for viewing on a confocal microscope. See Supplemental Figure 1 for examples of reconstructed cells.
Image acquisition and morphological reconstruction of patched neurons
Confocal images were taken on an Olympus IX 60 inverted microscope outfitted with a Perkin Elmer Spinning Disk Confocal attachment with a 20X (N.A. = 0.50) objective. The microscope was equipped with a Hamatsu Orca ER CCD camera (1300 X 1030 pixels), and images were acquired in Volocity software (Improvision, Lexington, MA). Each image represents a stack of 40-50 images 0.2 μm apart in the z-plane. For morphological reconstruction of the dendritic arborization of patched neurons, the stacks of confocal images were deconvolved with Auto-Quant software (Auto quant X2, Media Cybernetics, Bethesda, MD) and then processed with Imaris Filament Tracer module in "Surpass mode" (Bitplane, Zurich, Switzerland). Filament tracer creates dendritic arborization patterns based on an algorithm that predicts arborization pathways. These pathways are set up by the user-set criteria of a start point, namely, the size of cell somata, and an end point representing minimum thickness of processes.
Start points were set to 10 μm, and endpoints were set to 1 μm. The resultant filament lines were converted from lines to two-pixel-thick cones. To mark the cell bodies, an "Isosurface" was then created. This process creates a cell body from the stack of images that is then merged with the dendritic morphology [20, 28] . We used criteria for classification of pyramidal versus non-pyramidal cells as previously described [18, 19] and were based on: 1) soma morphology; 2) presence of dendritic spines for pyramidal cells; and 3) spiking properties. Most of our interneuron recordings were in superficial layers (1 and 2) while the recordings in pyramidal cells were done in layer 3.
Results
The purpose of this study was to determine if distinct types of neuronal firing patterns occurring in human epileptic cortex are altered by carbamazepine. The resected mesial temporal lobe epilepsy (MTLE) neocortical tissue did not show any apparent structural damage, but only a mild to moderate degree of gliosis. A total of 107 recordings from human cortical neurons, according to the criteria indicated in Methods, are included in this study.
All recordings could be broadly classified into two types of firings patterns: most cells (93 cells; ~87%) responded by firing tonically throughout the current injection, while the rest (14 cells; ~ 13%) fired phasically (i.e. they stopped firing before the end of the depolarizing step).
Similar to the regular spiking neurons from other human MTLE cortical recordings [11, 13] we also found that continuously firing neurons (tonic firing) had various degrees of adaptation. The occurrence of adaptation was defined by determining whether the last interspike firing interval was 25% longer than the first interval (II R > 1.25) as previously described [20] .
In our study we did not find any cells displaying bursting firing as this type of firing is not common [12] or was seen only very rarely in slices from human neocortical slices during injection of depolarizing current [11] .
We also found that adapting firing cells fired at both high (> 50 Hz) and low (< 50 Hz) frequencies. An exact (unbiased) functional grouping was provided by cluster analysis.
Cluster analysis using neuronal electrophysiological characteristics (see Methods), provided six distinct groups: adapting high frequency cluster 1 and 2 (AHF1 and AHF2), adapting low frequency cluster 1 and 2 (ALF1 and ALF2), strongly adapting low frequency group (sALF) and one spike cluster (OS). First, we found that the resting membrane potential (RMP) of neurons ranged from -55 mV to -90 mV, the only significant difference among groups was found in OS neuronal cluster which had the lowest RMP values among other clusters (~ -68 mV, p < 0.05; Fig.  1B) . 
High firing frequency neurons
High frequency spiking cells (firing frequency; FF > 50 Hz) accounted for about 32% of all recordings (34 of 107 cells; Fig. 1, Fig. 2 ). They had higher firing frequency and an increased number of spikes per pulse and the smallest firing adaptation (II R ) among all other neuronal groups (Fig. 1B) . High frequency spiking neurons segregated in two different clusters termed AHF1 and AHF2. AHF1 neurons were more excitable than those in AHF2 group (Fig 1B, Fig 2) as they had an increased input resistance (338.7 ± 19.7 MΩ vs 275.1 ± 21.4 MΩ; p < 0.05; Fig. 1B ), firing frequency (102.9 ± 4.8 Hz vs 74.2 ± 4.5 Hz; p < 0.005) and number of spikes evoked by current injection (50 ± 2 vs 27 ± 2; p < 0.005).
Low firing frequency neurons
Low frequency firing patterns (firing frequency; FF < 50 Hz) segregated into four different clusters named adapting low frequency 1 and 2 (ALF1 & ALF2), strongly adapting low frequency (sALF) and one spike cluster (OS). The most common low frequency pattern was the adapting low frequency 2 type (ALF2; FF = 102.9 ± 4.8 Hz; Fig. 1B; Fig. 3 ). They accounted for about 51% (37 of 73) of the low frequency group and they were 34.5% (37 of 107) of all recordings. Although ALF2 cluster had a lower input resistance and a higher current threshold than ALF1 neurons (I R = 134.8 ± 6.4 MΩ vs 290.2 ± 12.5 MΩ, p < 0.005; and 136.4 ± 9.8 pA vs 75.0 ± 10.1 pA, p < 0.005; see Fig.1B ) they displayed a similar firing frequency. Second most common low firing pattern was represented by both ALF1 and OS neurons (~19% each cluster). Although ALF1 had the highest input resistance among the rest of the low frequency group and they showed a trend to a higher firing frequency and number of spikes (Fig. 1B) , the difference did not reached significance value when compared to other low frequency groups (ALF1, sALF and OS clusters had small n values). The main feature of sALF cluster was represented by their adaptation ratio A. Traces show the response of strongly adapting low frequency (sALF), adapting low frequency (ALF1 and ALF2) and one spike (OS) cell types to injection of depolarizing current steps at threshold (I/It=1) and twice the firing threshold (I/It=2) levels. B. Plot of the interspike interval ratio (IIR) against the level of injected current shows increased spike adaptation of sALF group and only a moderate adaptation for ALF groups (IIR>1.25). C. Plot of firing frequency against interspike interval number in typical ALF1, ALF2 and sALF cell. Note the high spike frequency adaptation at higher depolarization levels (twice the firing threshold) in the sALF cell type. IIN, interspike interval number which was the highest among all other low-and high frequency clusters (II R = 3.93 ± 0.21, p < 0.005; Fig. 1B,  Fig 3) . Finally OS neurons had a lower RMP than ALF1, AHF1 and AHF2) and the characteristic one spike evoked by depolarizing current steps, which placed them at the bottom of firing frequencies found in human cortical slices.
Correlation of electrophysiological properties with morphological attributes
Our study showed that at least in some cases there was a correlation between electrophysiological properties and a specific neuronal type. For example, we found that AHF1, AHF2 clusters were represented only by interneurons while OS group had only pyramidal cells (Fig. 4) . However the other clusters (sALF, ALF1 and ALF2) did not show a preference towards the interneuron or pyramidal phenotype (see Fig.4 ).
Carbamazepine insensitivity in human cortical neuronal populations
We monitored the effect of carbamazepine (50 μM) on 65 cells. Overall we found that ~32% of cells were CBZ insensitive, as this drug did not reduce the number of spikes or firing frequency (11 ± 3 vs 12 ± 3 spikes and 23.6 ± 6.0 vs 24.3 ± 6.3 Hz). In the rest of neuronal population (~68% of cells) CBZ was effective in reducing the number of spikes (from 19 ± 2 to 9 ± 2 spikes after carbamazepine perfusion; p < 0.005).
Next we determined the effect of CBZ on the 6 firing clusters. We found that carbamazepine insensitivity was different among the six clusters (see Fig. 5 ). For example, while most of neurons in OS cluster were CBZ insensitive (~90%; Fig. 5 ), in AHF1 and ALF2 clusters only a reduced proportion of cells failed to reduce their spiking in presence of CBZ (11.2% in AHF1 and 4.2% in ALF2 group; Fig. 5 ).
Finally by monitoring the CBZ effect on interneuron and pyramidal cell populations we found that a similar proportion in these two groups of cells were insensitive to CBZ (27% of interneuron population and 40% of pyramidal cells were CBZ resistant; χ 2 = 0.463; Fig. 6 ).
Discussion
Our study identifies multiple subpopulations of neurons with different firing patterns and membrane properties in epileptic human cortex that are not uniformly sensitive to CBZ. Based on their electrophysiological properties, cortical neurons were classified in six clusters in concordance with previously developed criteria [27] . Some of the firing clusters were correlated with a specific neuronal type as AHF1 and AHF2 contained only interneurons while OS cluster was represented by pyramidal cells. The remaining clusters (sALF, ALF1 and ALF2) were morphologically heterogenous containing both spiny and pyramidal as well as aspiny nonpyramidal cells. Firing patterns observed in our study correlated with previous observations. For example, high frequency interneuron firing (as seen in our AHF1 and AHF2 clusters) were previously described in human [14] or primate cortex [26] . Likewise, lower firing frequency interneuron types (FF <50 Hz) were previously shown in human temporal neocortex [16] . Pyramidal cells were only found in low frequency clusters, in agreement with data from other studies in human cortex [16, 29] . Thus as expected there was a high degree of functional heterogeneity with regard to excitability and morphology.
The second goal of our study was to identify what kind of neurons fail to have their electrical activity attenuated by carbamazepine. We have found that CBZ does not uniformly suppress neuronal activity. For example, in the low frequency clusters we found that in two cases (OS and ALF1) most of the cells (70% and 62.5% respectively) did not change their firing when CBZ was added to the bath. This might correlate with the CBZ mechanism of action which is known to mostly inhibit high frequency but not low frequency firing [ 30 ] . However the opposite situation was seen in other low frequency clusters: in ALF2 cluster (but in a lesser manner in sALF group) most of the cells were CBZ sensitive (95% in ALF2 and 60% in sALF). When we analyzed the higher frequency clusters, we found that most of the cells were CBZ sensitive (88% in AHF1 and 66% in AHF2 groups).
Beside these different effects on the six functional clusters, we have also determined that CBZ did not reduce spiking in a subpopulation of pyramidal cells and interneurons (27% of interneuron population and 40% of pyramidal cells were CBZ insensitive). The lack of CBZ effect on ~40% of pyramidal cell might have an negative impact in reducing network activity as their firing remain unaltered and cannot be pharmacologically modulated/ decreased. On the other hand, as ~73% of interneurons are still sensitive to CBZ, their decreased inhibitory output might in fact counteract CBZ's intended role in damping network activity. Finally, the interneuron population insensitive to CBZ (~ 27%) might also have deleterious effects on network function. One possible explanation here is that CBZ may fail to control the activity of interneurons that target interneurons that are in turn responsible for inhibiting excitatory cells. The result would be an increase in disinhibition and increased excitation and/or ineffective seizure control.
One of the shortcomings of a study like this which relies on obtaining human tissue is that normal controls (age and sex matched, drug free) are rarely obtained. During the course of this study (> 3yrs) we were able to obtain only one control which was tissue isolated from a tumour resection. From this sample we obtained 7 recordings of which only one neuron was insensitive to CBZ (14%). As this sample is not sufficiently powered to do any kind of statistical evaluation we have not included these data in the results. Nevertheless, this rate is about half of what we found in epileptic tissue across all cell types. Thus it seems that epileptic tissue is less sensitive to CBZ than control. This conclusion is supported by results obtained in some animal models of epilepsy where sham rats are uniformly sensitive to CBZ but those treated with pilocarpine were less sensitive [31] . An important difference in these data from ours is that the CA1 neurons were all less sensitive while we found that only a minority of interneurons and pyramidal cells were CBZ insensitive. As well this study showed that dentate gyrus was less sensitive to CBZ than CA1 cells so differing cell types were not equally affected. In another study that isolated dentate gyrus cells from resected human hippocampus CBZ activity was reduced uniformly in all recordings [32] . Our data was obtained from cortical tissue is much more heterogenous that either of these two studies and so it is difficult to determine whether the varying sensitivity is due to recording from differing cells types or that same cell types are differentially sensitive. According to our functional classifications it seems that the latter possibility is more likely. That said, and although we have classified our recordings as best as we can, interneurons in particular are very heterogeneous, varying not only by spiking properties and morphology but also neuropeptide content which could not been done here. Another important distinction from these two past studies is that neither looked at how the spiking properties of these cells were affected. Both were voltage clamp studies that examined the effect CBZ on the inactivation kinetics of sodium current. Here we used current clamp recordings as we were interested in understanding how CBZ may affect the firing properties of the differing kinds of neurons in the brain slices. Overall, in spite of the lack of control recordings, our data is in agreement with these studies showing that in epileptic tissue CBZ is unable to affect sodium channel function in some or all cells.
There are two main hypotheses that attempt to explain DRE. The first is multidrug transporter hypothesis and the second is the altered target hypothesis [33] . The first suggests that DRE occurs because AEDs cannot achieve sufficient concentrations in the brain to be effective. This occurs because of the increased expression of multi drug resistance pumps expressed on the blood brain barrier that actively "empty" the brain of small organic molecules. The second states that DRE occurs due to the alteration of drug target by some chemical modification (phosphorylation, glycosylation etc.). The data reported here support the latter hypothesis as in absence of blood brain barrier CBZ was still ineffective in some cells. This suggests therefore that sodium channel sensitivity is changed by some alteration in structure. This could occur not only as mentioned above but also through the expression of accessory β subunits of the sodium channels [34] . We tested this possibility by QPCR analysis of these tissues but found no changes in the expression levels (unpublished observations). Thus at this point we are left with the conclusion that some other modification is occurring that reduces the activity of CBZ in select populations of neurons.
Summary
Our data indicates that in humans with DRE there is a loss of drug sensitivity in a subpopulation of neurons, both pyramidal and non-pyramidal. Unraveling the mechanism(s) by which this occurs will be a difficult task as it will require identifying structural changes in the sodium channel that occur from a mixed population of cells that are and are not sensitive. Given that this is unlikely, it seems that new drugs developed against sodium channels are required.
